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FOREWORD

This technical report concerning the Total In-Flight Simulator (TIFS)
was prepared by the Cornell Aeronautical Laboratory, Inc., (CAL), Buffalo,
New York, in nartial fulfillment of the reporting requirements of USAF
Contract No. F33615-71-.C-1110, The work was performed under the
Advanced Development Program, Project 684B entitled "Extensive Checkout
of the Variable Stability System in the TIFS Airplane' and was administered
under the direction of the Air Force Flight Dynamics Laboratory, Air Force
Systems Command, Wright-Patterson Air Force Base, Ohio with J. R.
Pruner (AFFNL/FGC) as Project Engineer.

This report was submitted by the authors for Air Force approval
in February 1972, and is being published simultaneously as CAL Report No.
TB-3020-F -4,

This technical report has been reviewed and is approved.

Chlef Control Criteria Branch
Flight Control Division
Air Force Flight Dynamics Laboratory

ii




ABSTRAC"™

TIFS is a newly developed, variable stability C-131 aircraft with
the unique capability to vary its flying qualities in all six degrees of freedom.
It also surpasses the utility of past variable stability aircraft through the
realism possible in its separate, new evaluation cockpit. The capabilities
and features of this in-flight simulator considerably broaden the ability of
the aircraft designer to deal with difficult trade-offs in flying qualities
problems, A base configuration can be set up and then its stability and
control characteristics can be systcmatically varied for investigations to
gain research knowledge pertinent to flight vehicle and flight control system
design, This report describes the theoretical basis for in-flight motion
reproduction and how this theory can be applied to determine the TIFS
capability to simulate a given aircraft, Physical characteristics as deter-
mined in flight and examples of simulation are given. Flight test records
of modei-following performance are also included. The objective of this
report is to give the reader the basic information for planning a TIFS

experiment,
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SECTION 1

INTRODUCTION

The Total In-Flight Simulator (TIFS) is a variable stability airplane
which has been developed by modifying a C-131 twin-engine transport. It has

been designed to reproduce in actual flight the flying qualities of a wide range

of large airplanes, There are several basic features which provide this

capability. An evaluation cockpit has been added which is entirely separate

from the normal airplane command cockpit, With the addition of direct lift

flaps and aerodynamic side force surfaces, there is control not only of the
moments about all three axes but also the forces acting along the three axes.
An elaborate and versatile automatic flight control system has been installed

to generate the required motions of the aircraft in all six degrees of freedom,

The TIFS airplane pictured in the frontispiece is a modified C-131H,

which is the military counterpart of the Convair 580. This version of the C-131

is equipped with Allison 501-D13 turboprop power plants of 4000 horsepower

each. The zero fuel weight is in the range 47, 000 to 49, 000 pounds with a

takeoff maximum gross weight of 54, 600. An isometric cutaway drawing of

TIFS is shown in Figure 1.}, The simulation cockpit is removable, so that

it car. be replaced by other cockpits of different configurations. The direct
lift flaps extedd from the inboard end of the ailerons to the engine nacelle and
in that region replace the normal landing flap. Inboard of the direct lift flaps,
the normal Fowler flaps for landing have been retained. The direct lift flaps

are plain flaps with a total area of 108 sq ft (11.7% of wing area) and can be

deflected + 40°. The surfaces for generating aerodynamic side forces ex-

tend above and below the wing and are pivoted about an axis normal to the

wing plane, Their total area is 100 sq ft (50 sq ft on each side of the air-

craft), and they can be deflected  30°, The installations in the aircraft in-

clude sensors, computers, control actuators, displays and flight data re-
cording equipment,

There are a variety of purposes and applications for in-flight simula-
Flight evaluations of the flying qualities of new airplane configurations

can be accomplished, such as invastigation of the behavior of extremely large

tion.
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airplanes. This can be extended to investigating the flight control charac-

g

teristics of entirely new types of designs, as for example, reproducing the
landing approach flight characteristics of a large re-entry vehicle., The
simulator can be used as a conventional variable stability airplane. A base
configuration can be set up and then its stability and control characteristics
can be systematically varied to gain research knowledge pertinent to flight
vehicle and flight control system design. The flight characteristics of
specific aircraft can be simulated in great detail, both to evaluate flying
qualities in advance of the first flight of the actual airplane and to investigate

difficulties that may arise during the airplane's flight test program. This

SRR £ 23 K4 e ek

e e P

L, o 0 AT D,

Rk TiEg

purpose is applicable to problems arising in the areas of stability and control,
flight control system behavior, cockpit controller cl.. racteristics and cockpit
, displays, Finally, a well established and highly valuable use of in-flight

E: simulation is pilot training. In-flight simulation of emergency conditions

4 can be conducted safely because, if the evaluation pilot is having control

‘ problems, the safety pilot can switch the system off and resume control of

the normal base airplane,

Simulation in the TIFS vehicle has the fundamental advantage of being
accomplished in actual flight, The evaluation cockpit is fitted out to duplicate
the vision, displays, controls and control feel of the airplane being simulated,
, l' Furthermore, through the action of the variable stability system, the re-
sponses of the vehicle to the pilot's control actions, as experienced and felt
3 by the evaluation pilot, duplicate the flight behavior of the airplane being

simulated. Thus complete simulation in actual flight is achieved in regard

o L o

to stability and control, flying qualities, flight control system characteristics,
. cockpit controls and displays.

Es 1.1 POINTS CONCERNING TOTAL IN-FLIGHT SIMULATION AND TIFS
Let us consider in a little further detail the principles by which in-

4 flight simulation is accomplished. The concept of providing a correct repro-

duction of the cockpit environment is clear enough. The TIFS airplane is

i - - .- cm e e PN e
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presently equipped with a general purpose cockpit providing greater than
usual visibility for the pilot, By proper masking, the window configuration
of any particular airplane can be reproduced. Then the cockpit displays,

controls and instruments can be duplicated in as great detail as desired.

In considering the reproduction of cockpit motions, it is important
to realize that the pilot senses linear accelerations at his location in the
cockpit and the angular motions of the cockpit. If the TIFS cockpit repro-
duces these accelerations and motions, the simulation is accomplished.

7ith the duplication of both cockpit environment and cockpit motions, total
in-flight simulation is achieved.

If the TIFS cockpit is to be made to move as required to duplicate the
motions of another airplane, it is necessary to control all six degrees of free-
dom, that is, to have control over moments about, and forces along, all three
axes. Through proper control of all six degrees of freedom, it is possible to
simulate, for example, the moticns of a large airplane's cockpit which is
located a great distance ahead of the airplane's center of gravity. The low
lift curve stope of a delta wing airplane can be reproduced. The troublesome
task of controlling sideslip in turn entries and recoveries for very large air-

planes can be studied through use of the variable stability system.

Why was a C-131 chosen as the basic airframe instead of a more
modern, high performance airplane? The poini here is that in simulating
another airplane, the basic vehicle characteristics should not show through
and intrude upon the simulation, For example, if an airplane with flexible,
swept wings had been chosen, the structural response to gusts would be that
of the base airplane. It would be most difficult to suppress these natural
response characteristics, let alone to try to simulate the structural response
of another airplane, In general, the best simulation of other airplanes can
be produced if the base airplane has fundamentally simple and straightforward

characteristics, Specifically, it is highly desirable that it be relatively




rigid and that it have uncomplicated stability and control characteristics.

Next it should be noted that there is no advantage to choosing an air-
plane that is larger than necessary. In using variable stability to alter the
airplane's response characteristics, it is generally a great deal easier to
slow down the motions of a relatively small airplane than it is to speed up
the responses of a big one. Also, the good control surface servo frequency
response so vital to kigh performance variable stability is harder to obtain
with large control surfaces on a large airplane. Finally, the consideration
of maintenance and operating costs is always important, and here the

Convair shows up very well,

What is the advantage of TIFS over a ground-based simulation?
Ground-based simulation is of great use to be sure, for purposes such as
design, training, and practice in cockpit procedures, systerns management,
and navigation. But when it comes to the dynamics and feel of the airplane
interacting with its controls, displays, flight control system, and view of the
outside world, in-flight simulation is a great deal closer to the real thing.
Sometimes the person asking this question does not understand that the C-131
characteristics do not show through. Perhaps he is accustomed to sitting in
¢ ground-based simulator, pretending he is flying a C-5A, for example, and
he is really asking what is sc¢ much better about sitting in a C~131 pretending

he is flying 2 C-5A. What he fails to realize is that the in-flight simulation

system really transforms the C-1311s flying characteristics into those of the
C-5A 50 that he has no feel at all of flying a C-131. Thus he is not in the least
subject to any need to pretend that the C-131 is something else, He has the

direct, complete and natural feel of the airplane being simulated,

How can an airplane of limited speed capability simulate high speed
airplanes? There are several points to be made here. First, many prob-
lems of interest and importance are ones that arise in the landing approach
condition. In this condition, TIFS can match the speed of the airplane being

simulated and so the question does not arise, Next consider the simulation
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of small amplitude maneuvers about a reference condition of high speed,
straight and level flight, Such maneuvars will involve certain time histories
of increments in cockpit translation and rotation about the steady condition.
With control of all six degrees of freedom, TIFS can duplicate these time
histories and provide correct simulation even if speed is not matched. This

is true, however, only to the point where one or another of the controls

reaches the limits of its authority. The limits of control authority are pri-

marily reflected in limits on change in heading and rates of climb and de-

scent, In many situations these limits are not serious,

An important example
is aerial refueling,

This is inherently a small disturbance task, and TIFS can
provide excellent simulation regardless of speed mismatch.

Even in simulation with speed mismatch there are possibilities for com-
promise which still produce a high quality approximation of the true situa-
tion. Consider the case of a sustained steady turn at altitude. Here let us

suppose that TIFS flying at 240 knots is being used to simulate another air-

plane flying at 480 knots. Now the fact that force equals mass times acceler-

ation tells us that in this situation a match between TIFS and simulated aircraft
acceleration in a turn will produce a rate of change of heading that is twice

too large. The consequences of this effect may not be serious however. The
pilot observes that the scenery will be moving past the windshield too fast.
However, he may not have any important sensation of the steady turn rate
being in error. Turn entry and recovery dynamics can still be reproduced
correctly and the computer can drive the cockpit instruments so that they

display the simulated flight variables correctly.

1,2 DOCUMENTATION OF TIFS CAPABILITIES

The capabilities of a new system such as the TIFS which represents
a significant advance in the state of the simulation art are difficult to define
fully at this early stage. The ways TIFS will and can be used are not entirely
predictable. Also there has been no flight test program specifically designed

to determine all the capabilities although many areas have been explored in
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accomplishing the objectives of the present contract., The gust alleviation
capability has not been fully optimized; the response-feedback method of
motion simulation has not yet heen investigated; there have bheen no simula-

tions with speed mismatch; and at the time of this writing as yet no simulations
had been conducted at speeds above 200 knots, The list of new areas to

explore is extensive, and, in a real sense, this report, as the previous report,
Reference 2, should also be labeled '"preiiminary'’,

However, it is reasonable to document the capabilities as they are
known at the present time so that potential users and other interested people
in the technical community can understand and evaluate the simulator, It is
probable that as the TIFS is used, further reports updating this one will be
desirable to keep these people informed.

This report begins with Section II explaining, in theory, specifically
how the desired motion is reproduced in flight. It amplifies the discussion in
Section 1.1 above and seis the groundwork for the definition of TIFS capa-

bilities, Sections II through VI deal with motion reproduction capability.
Sections III and IV describe the general bounds on unaccelerated and accele-
rated motion. These are alwavs present whether model-following or response-
feedback control techniques are used. In Section IV the TIFS controller dy-
namics which are basic to the guestion of motion bandwidth are documented.
Section V deals with the mode) .foilowing performance achieved. Section VI
presents the current results with the gust environment.

Sections VII, VIII and IX deal with capabilities aside from motion
reproduction. These include the very important cockpit feel systems,
cockpit displays, vision, navigatitn, communication, audio environmsent,
data gathering and processing, ann the TIFS airplane flight operational
factors affecting simulation capabilidy,

The TIFS program documeats.ion outside of this report is composed

of five formal reports, several hundr:+d TIFS Memos and CTIFS Memos,
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and more than fourteen hundred mechanical and electrical drawings. The

formal reports are References 1 through 5 plus this report.

The TiF5 Memos range from informal brief documents dealing with
the technical details of the system design and operation to voluminous struc-
tural analysis. They were generated in the normal daily course of the pro-

gram and fully document the technical effort aside from the mechanical and

electrical drawings.

The CTI¥S Memos are the equivalent documents generated under the
Air Transport TIFS (AT/TIFS) program. Many of these are applicable to
the Air Force TIFS. That program was accomplished in parallel with the
Air Force development from February 1968 to January 1970 under contract
to TIFS, Inc. The effort was aimed at producing a prototype of a production
flight simulation vehicle for training airline pilots for large advanced jet air-
craft. The prototype is a Convair 580 fitted with an actual Boeing 707 nose
so that a familiar aircraft could be simulated for demonstration purposes.
The fuselage modification, computer mounting in the aft cabin, hydraulic
system, evaluation cockpit feel system, and a few other system details difiar
substantially from the Air Force TIFS, However, the direct lif. flaps and side
force surfaces together with their struciural mounting and actuation systems
are essentially identical. The electrohydraulic and mechanical logic con-
trolling the direct lift flaps and side force surfaces are the same and were
designed and documented on the AT/ TIFS program. Several system studies
and aerodynamic analyses were performed on the AT/TIFS program which
have applicability to both programs.

The TIFS and CTIFS memos are listed in Reference 4 and can ke
requested from the Air Force Flight Dynamics Laboratory,

The "Preliminary Design" Report (Reference 1) documents the pro-

gram from its beginning in November of 1966 to June of 1967, At that point
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the first series of wind tunnel tests had been completed, the basic aerody-
namic configuration and loads had been defined, and structural design work
was under way. Preliminary design of the hydraulic system and the elec-

tronics had been compieted, and control loop studies were in progress.

The "Installation, Operation, and iMaintenance Instructions” (Refer-
ence 3) and the "Final Report" (Refererce 4) document the development
through October 1970. This includes the second series of wind tunnel tests,
the design, fabrication, installation, and checkout of all systems and struc-
tures, and the first series of flight tests, These tests demonstrated the pro-
per functioning of the systems and carried the model-following development
through simulation of a linear Boeing 707 model at 150 knots. The "Instruc-
tions" Report contains detailed material as the title implies, It also contains
a list of all drawings describing the TIFS, The "Final Report" describes

the final system in more general terms.

The "Preliminary Simulation Capabilities" Beport (Reference 2) was
published before actual flight tests and therefore deals with wind tunnel esti-
mates and theoretical analyses, The effort on this study was not extensive
because of tise lack of firm data, but the results on maneuvering capability
have been generally substantiated and are, for the most part, included in this
report. That report treats maneuvering capability, terrain-following simula-

tion, ard inc.ndes some material on visual and motion cues.

The "Propeller Blade Stress Survey" Report (Reference 5) is a brief
document produced by the Detroit Diesel Allison Division of General Motors -
the turboprop engine manufacturer - describing the results of flight tests

clearing the propellers for TIFS operations, The results are summarized
in Section 9.2 in this report,




SECTION 1I
MOTION SIMULATION IN FLIGHT

The theoretical basis for determining the TIFS capability to sirnulate
a given airplane starts with the equations of rigid body motion describing
both TIF$ and the given airplane, which wi:l be referred to as the model,
The equations are essentially the same for %oth model and TIFS and differ
only in aerodynamic oxr minor kinematic detail Senticn 2.1 below will
serve as a review of these equations, notation, sijn corrections, simplification,
and axis systems used in TIFS simulation work for those readers who are
already generally familiar with te subject of airplane dynamics. For other

reader:, appropriate references are recommended,

Once the equations are presented, tne TIFS capabilities can be defined
because capabilities are determined by comparing the TIFS control time
histories a¢r determined in turn from these equations with the controtl
deflection, rate, or frequency response limits. Section 2,2 discusses this

step from equatinns to control time histories,

Section 2. 3 briefly treats the problem of how to prc .uce the desired
TIFS control deflections in real time as the computed motion of the model
takes place in response to evaluation pilot input. Sections 2.4, 2.5, 2.6 and

2.7 mention other detailed points which are important to motion simulation,
2.1 EQUATIONS OF MOTION

The derivation of the equations of motion of an aircraft and the
assumptions utilized in the derivaticn of these equations will not be presented
in this section. Several excellent treatments regarding this derivation and
application to the motion of an aircraft are available in many references
(e.g., 6 and 7)., The TIFS Preliminary Design Report (Reference 1) presents
the exact nonlinear equations of motion., Approximate nonlinear equations of
motion 2nd linearized equations of motion of an aircraft, based upon addition-
al simplifying approximations, are a.so discussed in Reference 1, The

equations of motion used in TIFS simulation are described by a non-orthogonal

19




axis system selected for simplification in the determination of velocity.
Thus, while the moment equations and the g and 3-axis force equations are
written in a body axis system, the sum of forces along the x-axis is written
with respect to the wind axis rather than a body axis, Figure 2.1 illustrates
the axis system and sign conventions used for TIFS simulations while Figure
2.2 illustrates the relationship between body axes and the non-orthogonal
axis system used., Figure 2.3 illustrates the relationships between the

Euler angles and angular velocity components in the body axis system.

-Once the equations of motion are defined, it becomes desirable for
efficient computation to examine the equations 'n an attempt to introduce
simplifications for a particular simulation, For example, several inertial
coupling terms in the moment equations may have little significant effect on
the aircraft response in the landing approach flight phase. Once such higher-
order effects are determined to be inconsequential, they can be neglected
without compromising the response of the aircraft. In addition, small angle
assumptions can usually be made, The simplifications that should be introduced
into the "exact'" nonlinear equations of motion for an aircraft are dependent
not only upon the physical characteristics of the aircraft, but also upon the
particular task to be investigated and the limitations imposed by equipment

available for simulation,

In most developments of the equations of motion of an aircraft, the
celative motion between the ecarth-fixed inertial axis system and the atmos-
phere is initially assumed to be zero. Tlwus to account for the effects of
relative atmospheric motion (e.g., gusts) it is necessary to distinguish
between the inertial components of aircraft motion, and the relative motion
effects due to motion of the air mass. '"his is accomplished by expressing
the aerodynamic forces and moments in the equations of motion as functions
of the total local flow effacts caused by the relative motion of the aircraft

with respect to the air mass,

The followirg discussior illustrates the simplifications introduced

into the "exact" nonlinear equations of motion that were used to model the
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E equations of motion of a Class III aircraft in the landing approach flight phase
‘ reported in References 8 and 9.

The X force equation of motion in the wind axis system was written

1 m ‘?r = -mgq sin 7 - %pWZSO,*Ecasqz cos g, +7§ sin &, cos@, (2.1)
3 The thrust was assumed to be parallel to the » body reference axis
thus 7, ¥ 7,7 = 0. Inaddition, it was assumed that e, and 4, would be

‘e sufficiently small that small angle assumptions (to the first order) could be

{ introduced (i.e., cosw, = 1, sina, = &, etc.). Thus the previous equation
4 becomes

& ¢ - . / ¥4 [ T

g VI"’?””7"§‘,;PVr aa_p.;..;?.

3 (2.2)

where sin 7 is /;t /¥; and can be expressed using the small angle assumption
3 sin J = sin 0B sin Peos ©-w, cos6cos @ (2. 3)
The Z force equation in a body axis system is

3 a)}+(-¢1ux+,azﬂi)=gaos¢ao59+2—:;’—,ovrz$0’+—3'- (2.4)

The body axis components of linear velocity are related to «, , 8, , and

3 by

: wy =Y sinay eos;

U, = V; cosa, cos G,
vy = Vp singy

AT
£y Nk $

ST

illustrated in Figure 2, 2,

Thus, a}z' =V, sine, (—,61 sinﬂ,)f-aosﬁt (Vz "fr Cosky, + !4. sin ‘”.z) (2.5
({ Introducing the small angle assumptions yields

—-—a}‘}~- 7+ +a;-—---c{r

V, b fr * Ut V (2. 6)
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The expression (a; &, ﬂ; ) in Equation (2. 6) can be considered as a higher
order term and neglected with the same accuracy as replacing cos 4, by 1.0,
giving
oV

v (2.7)

o,
I .
— =, +
I
v

Introducing the small angle approximations for the (- 9, ¢, t oY } term

and assuming T % 0 yields

. S V,.z 9 ®r l72
w3=-é;’—,0716’}+7; cos @ cosO+9, -, B, - va (2.8)
where Vr = Vil = (2.9)
e = R —— N -
3 ¥sr 2V, Foww “
03'51‘ & —@Lo + a‘u (Kr + 645& 58 + .o-) (2. 10)
and C (2.11)

o> (e",z @, + a"g qr)

The pitching moment equation in a body axis system can be expressed

as (neglecting any engine gyroscopic terms)

. 2_,2
Maem *377;4'”77?7 =Ly4,t ]n"z}g_)‘pz’} *I'x? (77 ) (2.12)

If the inertial coupling terms are neglected, and the thrust assumed to act

through the c, g. thus producing zero pitching moment then

285z -

ér = 5 / (/oVr Se Cr * QK-S,GZ e, (2.13)
where vy g 5r ¢ 2%

= ) (2.14)

d,,,sr a”’o +d,,,¢ @ + Gm% g * ...

L *
= 2.1

c’”DW c"’g g, * e’”é @, (2.15)

* Although the notation used for the aerodynamic coefficients appears to
imply a linear dependency on the motion of the aircraft and the controls,
in general for a simulation the data can be programmed as nonlinear
functions of the variables if such are to be examined. Thus, in general
Cpms C, . etc. can have the form f (&,, @, , S, 3,, M,...).
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The Y force equation of motion in a body axis system can be written

as
) S 2 .
3510¢w59+§-’;—,0l4-%‘V}*{G“J'PI"{I‘} (2.16)

Using small angle assumptions

‘1}' ) l‘/
'Vf -4, +/% -Vf- (2.17)
fs
and Equation (2, 16) can be written as
. s V2 9 BV,
lez= E—;?—pvz—aq'fv; 5/ﬂ¢6059" \{,- “’} "Pl'xf (2.18)
where ,
é,=C, +-—-20
Yy Ysr  2v, Yow (2. 19)

with definitions of O‘ls and prmsimilar to (2.10) and (2.11). The rolling
and yawing moment equa.ions written in a body axis system for symmetrical

thrust conditions are (neglecting any engine gyroscopic effects)

Loers = Ten 1?97 (I;;’Iyy)'(’i' s ¢I)Iz9 (2. 20)
Noero =I%;" " 41(14‘!'1-%’)* (9: 72 -76’)1”? (2.20

For the landing approach simulation, it was assumed that the higher order
angular velocity coupling terms could be neglected. In addition, the notation
of the nondimensional coefficients was modified such that the product of

inertia (I‘”’ ) appeared in the definition of tht aerodynamic moment coefficients
and not explicitly in the equations of motion, Thus the form of the equations

used in the landing approach investigation in References 8 and 9 was

2
.1 pW7Sh
f =7 I (@) (2.22)
) A7 ,
. _21 ,oIr (a,’,) (2.23)
Fs




where I I ™ I
%
GI = ._.___m.._] cl + _EZ G”J

2
f; | TiuTyy-I,2 ] I,
and . [ Tplg j!-c Ipg a}
= +
7 Z 7 A
[ Lxxlgg-Zug || 7 Iy

Additional details on the development of the equations used for the landing
approach programs recently performed on the TIFS aircraft appear in the

appendices of References 8 and 9.

2.2 THE EXISTENCE AND UNIQUENESS OF CONTROL INPUT
APPLICABLE TO IN-FLIGHT SIMULATION

Given the equations of the model and the TIFS, the first basic
guestion concerning capability to match motion is, "Is there any at all?",
This is the question of existence of control time histories to produce
solutions of the TIFS equations which match the given time histories,

Clearly there are variable stability airplanes without the capability to match
certain motions; for example, one without side force capability trying to
match yawing motion about a point aft of its empennage. The second basic
question is that of uniqueness, Having found one set of control time histories
producing a given motion, is there another set which will produce the same
motion? If there is, then the task of determining motion amplitude limits
becomes more complex. One might, for example, use the TIFS engines
differentially for yaw control to augment the rudder capability or in turn
indirectly provide more side force capability by taking advantage of the side
force capability of the rudder. Now the controi time history to match a given
Dutch roll oscillation is no longer unique and sideslip limits based on side

force surface stall limits must be redefined.
The preceding section examined the equations of motion of an aircraft.

These equations can be classified as ordinary nonlinear differential equations,

with six degrees of freedo:n, These degrees of freedom can be identified
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with the six independent coordinaies required to specify the position and
orientation of a rigid body in space. Three degrees of freedom are required
to specify the origin of the body-fixed axis system (i.e., c.g. position) and
three degrees of freedom are required to specify the orientation of this
body-fixed axis system (i.e., Euler angles), Thus while there are many
choices possible for the six generalized coordinates, once a choice is made,
the body-fixed axis system is uniquely determined by specifying the time
history of the six degrees of freedom of the body. The equations of motion
relate the forces amd moments acting on the aircraft to the time histouy

of the six degrees of freedom,

The equations of motion for a rigid aircraft can be expressed in a
first order form:

F(2,2,4)=0 (2.24)

where x is a 12 x 1 state vector (3 position coordinates, 3 Euler angles
3 linear velocity components, and 3 body angular rates)
& is anm x 1 control vector, where for a normal aircraft m is 4
and for TIFS m is 6 (elevator, aileron, rudder, throttle, side
force surface, and direct lift flap)

£ is 12 x i vector of functions,

From the theory of nonlinear ordinary differential equations, there
are many general results concerning the existence and uniqueness of solutions
to equations like (2.24). The authors know of no completely general existence
and uniqueness conditions applying to the simulation problem, however, But
general physical statements can he made. The problem can be informally
stated as follows:

Given two systems described by .}‘pli’o ¢) . :&p(t) » g /t)] =0

and Im[’:"m @), Yoy (2) , thyy, (t-)] = 0 where %y (¢) and %,, (%) are

both n x 1 vectors, is there a control time history p (4), (¢ =0)

which will produce %, (2) = 2, () given that %,(0) = %,,(0) ?

Also from the point of view of determining simulation capability,

if such a 4, (¢) exists, is it unique?
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Drawing on a knowledge of the physics of rigid body motion, it can be
argued informally and heuristically that for the aircraft equations of motion
(2. 24),

1) given %, (o) and g (¢), a solution %, (¢) exists and is unique,

2) if wp (¢) has six independent components, each of which
exerts control over at least one of the degrees of freedom,
then disregarding the limits on uf, » there exists a unique

g (¥) for each given %o () which will produce that %, (¢ .

and 3) therefore, if, in particular, the specified Xp () is a solution
of f [ (2, %, (), m(t)] 0 then under the conditions of 2)
complete simulation is possible and the region of allowatie
Ly (¢) can be determined from the region of allowaktle ty (

because there is a one-to-one relationship.

Thus, it is possible to talk about perfect model following in TIFS and,
in addition, convenient to define capability in terms of the control effective-
ness and the control actuator dynamics. Note that uniqueness is not necessary
for in-flight simulation to work. But it is necessary in determining capability

to recognize non-uniqueness.,

A simulation with speed or attitude not matched (and thus the actual
path through space not imatched) but with the deviations from that flight con-
dition matched, also fits into the statements above: the problem is merely
changed from one where Yo (t) = %,, () to one where particular components

of %,, !) and/or perturbations in %, (i.e., %, (&) - %,,(0) ) are matched.

Some of these physical argumeants are developed mathematically in
Reference | for the linearized equations of motion,

20




2,3 CONTROL SYSTEM CONCEPTS FOR MOTION SIMULATION

The idea of using a yaw damper to improve the Dutch roll stability of

an airplane is well established. In effect, the yaw damper changes the value
of the airplane's damping-in-yaw stabhility derivative, The principle can be
readily applied to altering the values of all the other stability derivatives of
an airplane. Thus the terms in the equations of motion of the va.iable sta-
bility airplane can be adjusted to match the corresponding terms in the
equations of motion of the airplane being simulated. This is the original
variable stability concept, and it is known as the "response-feedback" ap-
proach. A response-feedback variable stability system can be described as
a generalized stability augmentation system which has wide ranges of adjust-
ment so that large variations in airplane response characteristics can be

produced.

A response-feedback system operates by adding to or subtracting
from the airplane's natura) stability and control characteristics, Thus it is
necessary to know accurately the stability and control characteristics of the
base airplane at whatever flight test condition is being used. Also, it is dif-
ficult to calculate exactly in advance the variable stability system gain settings
which will produce correct values all at once of the many parameters which
define the aircraft dynamics. Thus, in-flight calibration of the configura-
tions that are to be evaluated is generally necessary. The use of this type
of variable stability system implies a substantial task of identifying the char-
acteristics in detail of the base airplane and of the variable stability con-

figurations that are to be tested.

A different and newer approach to variable stability uses the idea of
"model following". In this type of system, the electrical signals that come
from the evaluation pilot's use of his cockpit controls are fed as inputs to a
computer which has in it the equations of motion of the airplane to be sim-
ulated. The output of this computer is the set of time histories of motion
variables which describe the response of the simulated airplane to the inputs

applied by the pilot. The task then is automatic operation of the controls of
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the variable stability airplane in such a way that its motions follow or dupli-
cate the motions defined by the model outputs. In other words, the job of
the flight control system is to make the airplane follow the pitch, roll and
yaw motions that come from the model computer, and likewise to follow the
indicated changes in speed components along the three axes, or equivalent
variables such as angle of attack and angle of sideslip., It should be noted
that if there are fewer controls available than there are degrees of freedom
in the equations of motion, some compromises will be necessary, Four or
five controls are simply not sufficient to follow six independently varying
quantities, It is a fundamental feature of TIFS that controls are provided for
all six degrees of freedom, so that it will be possible to follow the model

outputs simultaneously and accurately,

The model-following approach permits the computer that defines the
aircraft being simulated to be set up and checked out on the ground prior to
flight, Then if the variable stability airplane in flight can,without further
adjustment, reproduce exactly the computer outputs, the problem of in-flight
calibration is avoided. To be a little more realistic though, it must be re-
marked that the model following will surely not be perfect and that, to some
degree, it will be necessary to know what the variable stability airplane
characteristics are to improve the model following, This means a certain
amount of in-flight calibration work is necessary to set control system gains
even in the model-following mode. However, once the gains are set changing
from one set of dynamics to another in a handling qualities experiment be-

comes the simple and accurate task of setting pots in the model computer,

A variable stability system must be designed with constant attention
to the achievement of excellent dynamic performance, all the way from the
sensors through the entire system to the control actuators. If time lags are
large in the various channels of a response-feedback system, the task of
trying to compensate for the lags in all the channels can become complex
and even entirely unmanageable., Clearly also, one key point to success of
a model-following system is the ability to accomplish the following with
essentially imperceptible time lags.
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The TIFS model following system employs two techniques simultane-
ously -- model following by feedforwards and model following by error loops.
The function of the error loops is familiar and conceptually easy to understand.
Model following with feedforward signal paths only is less familiar and 1s
illustrated in this example below.

It can be demonstrated that the expression for the TIFS control time
history to simulate an aircraft by either response feedback or model following
by feedforwards is the same except that x, replaces x,, Assume, as an

example, that the equations of motion of the TIFS (‘he plant) and the model
are the simple first order equations

e s 2,25
dp = 4, +b3, (2.25)

and Gy = Clm * 45 A ©) =y, (0) (2.26)

Now define the plant control as

3p =k 0m=F; Yp (2.27)
(The presence of Y denotes a response feedback control law,)
Thus q;o =(a-bk,; )4, + bk, 5y, (2.28)

Comparison of (2.28) with (2.26) indicates the necessary relationships that

must be satisfied to perfectly match the model responses!

a-hk, =c giving &, =6 (a-¢) (2.29)
and bk, =4 giving k, = b (2.30)

As the model is changed the values of the feedbacks must be determined

to simulate the motion of the model. The control time history obtained is

8p=t15m 4, 4= b dS,,- b”(a—c)yp (2.31)
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Now, using the same example, let the plant control be produced from

model feedforwards according ¢o the equation
hép = 5;»7 - a,, (2.32)

(The motivation for this choice is obtained by solving (2.25) for 65’0 and
asking what 'SP will make Y9 = Y .) One can define € = ¢, -4, and € = %» -éf,
and by subtracting (2.25) from (2. 32) obtain the result:

£ =a€;and since €(0) =0 then €(z)=0, £ > 0.

Thus the control law is independent of the model parameters ¢ and J and
changes in ¢ and 4 such as might be done in an experiment do not affect

the control law if mechanized as indicated in (2. 32).

By introducing the equation of motion of the model in the control law,

bé;o = CY,y + 0y - 24, =(c-a)gm +d3y, (2.33)

The control (ww expressed in this form is identical to (2.31) obtained from

the response-feedback technique except that 4,, replaced q;o .

Although, 2s previously described, the control motiion sequence for
the in-flight sin ulation is unique, the feedfurward model-following technique
is better suited to the examination of many changes in the stability and control
derivatives of the model than is the response-feedback method. I both cases
it is necessazy to have an adequate knowledge of the TIFS parameters to do
a satisfactory simulatien., For feedforward model following, this information
is required to make the proper gain adjyustments, However, when feedback
loops are introdiced in the model-following concept to compare the states of
the plant with those of the model, then the control law is less dependent upon
the exact stability and control data of the plant. Another way of looking at
the comparison is to say that the feedforward model-following concept is to
introduce by use of the feedforwards a unity transfer function between the

states of the model and the states of the plant, while the response-feedback
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technique on the other hand attempts to augment the stability and control

derivatives of the plant to the extent that they become equivalent to those of

the model, and thus achieve equivalence between the responses to control
2 inputs., (It should be noted that control derivative changes are obtained by
interconnects between control surfaces and by changing gearing ratios.)
3 For response-feedback systems, the feedback gain is varied as needed to
provide the necessary augmentation required for matcning. This type of

system can be very sensitive to variations in the stability and control

K derivatives of the plant with flight conditions. On the other hand, when the
3 model-following concept is used, the feedback gains introduced can be selected
to minimize the sensitivity to changes in plant characteristics with flight

conditions. Model following theory is set forth in more detail in Reference 10,

The extension of the simple example above to the complete airplane
equations is straightforward using vector-matrix nctation. The solution of
fo: the feedforward derivation problem reduces to the solution of algebraic simul-

taneous equations for the control quantities. When the equations of motion

b can be linearized and expressed as

P~ ) %, 2%, nxlvectors
2 0 TpPeT p%p P

i .y "Fm"‘m"dm“m “,p » %, mxlvectors

and Ff', » By s Gp and Gm are matrices,

the algebraic equations in &, using motivatio:: like that leading to (2. 32)

pur are thus
G, &, = "m""ﬁ”m

L (2. 34)

analogous to Equation (2, 32). The conditions under which (2. 34) has

sclutions for &, and under which they are unique are those discussed in

Section 2.2, but it must be noted that the capabilities of TIFS (i.e., indepen-
dent control of all six degrees-of-freedom) are sufficient, but not always
necessary, Variable stability airplanes with less than six independent controls

can match a restricted range of models.
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The feedforward mechanization can also be derived in terms of
transfer functions, The equations of motion of the plant (TIFS) can be

written as

[%,6) =[7F) [4,¢5)] (2. 35)

where [:T F(s)] is the matrix of transfer functions, and to achieve perfect
model following a control law [up(s)] = [/—/(s)] [“m (s)] must be obtained
such that [%17(5)] = [”m(s)] . From the above statement, it becomes rather
obvious that if [ H(s)] = [T#(sj] ' then

[0 =[]l smto) =[z][2n0) 2. 36
Thus &, (s) = [TF'(S)]-’ [%,,,(s)] (2.37)

Let us look further into the details of producing the control time
histories in real time. Neglecting er and Zo,. for the moment,
%
Equation (2,45) in Section 2.4 can be used to solve for the direct lift flap

command,

43, = (Aw, -A6 -Z, Aw 2.38
(Z,})p %e (8e,, -265)s @, & %n ( )

g .
- 2.52
v An, -2, 4ey using (2.52)
m

These equations indicate several alternate methods to mechanize the control

motions required for model following.

1)
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or An, could be used to replace @_ and 6, as
m ] >

2)
Yo (D)o [
oP Ady,
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Another technique would he to write the feedforward expression

3, S L)
Fe | Fel A &
LAY
3, P)
= ( 7::)1177}” + ( :c) Qw,, (2.39)

where

e
7y Vep s *p

This latter technique does not allow convenient individual control over each
stability and control derivative of the plant as is possible when the former

technique is utilized,

Although illustrated for a simplified equation, the application of these
concepts to the full set of linearized equations is straightforward. Both ideas,
however, are based on a linearization of the equations of motion about a trim
condition. While this may be satisfactory for relatively small perturbations
about the trim conditions, errors in control motion could result for large
variations in aititude or velicity from the initial condition, If the velocity
perturbation is relatively small with respect to the initial condition, but
altitude variations are large such as in flying a relatively constant speed
approach, then it would be desirable to add a feedforward based on the change

in dynamic pressure with altitude, This is relatively easy to accom-.lish if
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the linearization of the equations of motion also includes a perturbation in
air density. If the velocity perturbations are also large compared to the
initial condition, then alternate techniques are neeced. One method would be

to treat the terms sensitive to velocity and dynamic pressure changes, which

are constants in a linearization, as functions of those variables directly,

i.e., g/V or § S . This technique would increase the equipment required to

compute the control mctions of the plant to achieve model following, but is

relatively easy to accomplish,

As previously stated in this section and as discussed, for exampie,
in References 1 and 4, the sensitivity to errors in the feedforwards can be
reduced when feedbacks are introduced which compare the desired state of
the model with the achieved state of the plant in the control law, In fact, as

the feedback gain is increased, the control law becomes less dependent upon

the feedforwards, However, there are practical limits on the values of the
feedback gains based on closed-loop stability, sensor noise, etc. A sensi-

: vivity minimization approach to the determination of feedback gains is brieily
described in Reference 4, In practice, the feedback gains can be selected

& based on the maximum gain available that will not significantly compromise
closed-loop stability or result in undesirable control surface rates of motion
which could place excessive demands on the hydraulic system used to actuate
the control surfaces of the plant. Since the feedback gains were designed to

be constants to simplify the control system complexity, it should be noted

that the effect on the output of the control surface will be a function of dynamic
pressure since the actual control effectiveness of the surface is a function of

5 dynamic pressure, Thus the aerodynamic gain will vary with flight condition,

This increases the actual feedback system gain as dynamic pressure increases
2 and could result in closed-loop instabilities, This condition can be minimized
2 if the feedback gain is selected at the highest dynamic pressure to be encoun-

tered in the simulation or by making the feedback gains functions of dynamic

pressure to control their gain and closed-loop system stability,

The actual choice of feedback signals to the control surface is de-

pendent upon the sensor signals available and the primary degrees of freedom
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that the control surface will control, For example, the elevator is not an
effective device for direct control of velocity, thus it would be of little value
to feed back velocity to the elevatecr, The elevator controls primarily pitch
attitude and rate, thus it would be of value to feed back errors in these re-
sponses to the elevator, Similar physical arguments for the choice of feed-
back error signals to the control surfaces are applicable, In addition, it was
previously indicated that the direct lift flap feedforward could be mechanized
in terms of @ and ¢ or An} . While feedback of Aﬂ} might be efficient, the
acceleration signals sensed by the aircraft could have a poor signal-to-noise

ratio. Thus, this type of feedback is not utilized in TIFS.

2.4 LIMITATIONS ON MOTION SIMULATED BASED ON
COMPATIBILITY OF INITIAL CONDITIONS

The preceding section discussed the concept of feedforward model
following. The desired control law wis obtained by replacement of the plant
state vector by the model state vector. Thus, if the plant and the model are
initially at the same trim condition, perfect matching of the motion of the
model tc pilot commands could be achieved. The purpose of this subsection
is to briefly examine the situation where the plant is unable to initially trim

to the same condition as the model.

The control law for feedforward model following can be stated in terms
of the changes in state and control from trim; thus the control law is not an
explicit functicn of the initial condition, However initial conditions affect
the stability and control derivatives used in the £ and G matrices of (2. 34),
for example, Therefore, while it is possible to match the perturbed state
vector of the model even if the initial conditions are not matched, it would not
be possible to match added responses which are dependent upon the initial
conditions. For example, consider the illustration of speed mismatch
(discussed in Reference 2) concerned with matching Ana_ in maneuvers with
trim speed mismatch. If the perturbed aircraft states 46 and 4« are matched,
then, since A”Z‘ is dependent on trim velocity (see Equation (2.47) below),

it would not be possible to match the 4rn, time history. However, as discussed

F
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in both Refercnces 2 and 11, it would be possible to define a pseudo state
vector such that a trade-off is achieved, (i.e., achieve Ay, following by

relaxation of following on another state or states of the aircraft). Since

the pilot normally has no way to sense 4¢ , it is a reasonable variable to

. ‘(‘
A

trade, Thus a pseudo angle of attack is derived which would allow matching
i of the load factor time history to control inputs. It will be obvious below
that, for this example, the control time history achieved is the linear com-
bination of two control time histories, one which is required to perfectly
match the model states plus an additional part which is a function of the speed

mismatch and the trade-off between angle of attack and normal acceleration

RN

K2

following. In the limit, as the speed mismatch approaches zero, the control

Er motion obtained is identical to that required for perfect matching of the

: responses of the aircraft,

]

K Recall from the previous section that for linearized equations of
motion the feedforward model-following control law is given by Equation

é (2.34). However, due to the mismatch of initial velocity, it is now neces-
sary to define a pseudo state vector which is required to achieve model

following of the desired responses. Thus define

‘;\ c'x' o .

Ym = %m * [0] “m (2. 40)
: _ r

Ym =Ly * Lﬂ/] Lm (2,41)

,
3

Pt

3

E
-
i
=
.

4 Gptty = i (2] B~ Py {2 [ ]2y ) (2. 42)
5" Gf,wf, = ’I;zm'Fp [C] m” [C] L3 (2.43)
{ Thus a 70 = gp [up1 +[&p2] (2. 44)

Substitution of the pseudo state vector for the model state vector will now

yield the control law required for model following of the desired responses.
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where Gp“,o can be defined as ém‘ F{’,,% and dp af’z can be defined as

[@] % - F;, [C] %, . Thus G_p uﬂz is a function of the matrix [C:‘ which is
dependent upon the velocity mismatch and the desired response matching.

Now let us examine the example of acceleration following with velocity mis-
match. The Z -force equation of motion (in the linearized form presented in
Reference 1) can be written as follows for an aircraft in trim level flight,
neglecting the effects of AV, since we are primarily concerned with the

initial response to abrupt control inputs:

%,,0% ,+ %3, PAS’P +E5, Doy = dp-bp 2,, 4%, (2. 45)

with Awp = W, w.t,,-mp and An} = f”ﬂ'/g (% -0 ). Since it is desired to
match An, and 8 with velocity mismatch, then a pseudo angle of attack can

be defined by equating Aﬂ; at the two trim conditions for the model and plant

o * . Vt”’ b4 )
AN e (83~ ém) (2. 46)
¥ -2 2.4
and Aey = dayt | 1= A6, -A,) (2.47)
P
A pseudo state vector can now be defined as
= - - T . - -
/. 9, 0 0 0 0 9,
48, 46, 0 0 0 0 46,,
v, |T 1 ay|flo o o 0 o, (2. 48)
Ve v
* - -[f--2
| Aa,, | | Aa,] 0 ( ! th) 0 ( th) | Az, |
Thus T :
0 0 0 0
0 0 0 0
[a] = 0 0 0 0
( vgm) ( Vt,,,) (2.49)
0 - th 0 th__J
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Substitution of (2.46) and (2.47) into (2.45) yields (neglecting Z;g and 25,: )
0

P
g, 45, = - by -2 (2.50)
5,05, =@ /(9 )~ = Zy Y0y 4 —V;;(Ae,-%)

Thus
25 08,=[d,6,-2, ]+(1-—Vt—"’ [bn-é, -2, (06,-te)] (2.51)
J}P?-mm“P%,VtP mmwpen‘”n e

which is the form of the control previously described in (2. 44).

If it is further assumed that Z;e is also zero, then
»

” fe 2 tm
(&m=6m) = 7 Zz,” Xy (2.52)
Substitution of this expression into the above equation and using the defini-
tions
Ce,,
_m - 5im apd A;'m = AQM - Awm (2.53)
g5 9

the following expression results

Zu, Vo V, \ 2, V.
as, = quc,-,,, o, (’_?p - ) /_ ) %o P Aa‘m:l 250
75, o V] 9 ’

which is equivalent to the result obtained in Reference 2, Substitution of the

appropriate numbers for a particular simulation under consideration will
determine the direct lift flap deflection limits on the longitudinal simulation

envelope for the velocity mismatch condition (see Sections 3.4 and 4. 5).

Reference 2 also describes the effect of velocity mismatch on lateral-
directional maneuvers., ,

Another form of initial condition mismatch is the possibility of trim
attitude mismatch., In this condition it is possible to achieve a velocity
match, but either it is impossible or undesirable to trim the plant to the same

attitude as the model, For this condition, it would be desirable to define an

32




b

s
H

s

h e A
g g st

axis system in the model which is parallel to the axis system of the plant in
its trim condition and to then match the states of this rotated axis system of
the model to determine the control motion required for simulation, A simi-
lar concept is described in Reference 1. While the motion of the model
cockpit would be simulated, difficulties could be encountered based on the
sensitivity of the pilot's orientation to the motion. For example, in this con-
dition the total acceleration at the cockpit acting on the pilot would be matched;
however, the acceleration components acting on the pilots would not be cor-
rect unless the seat could be tilted to compensate for the attitude mismatch,
Thus while such a simuiation could be performed in the manner described,
the value of this simulation procedure would be limited by the sensitivity of
the pilot to the acceleration components in the plane of symmetry of the air-
craft. This limitation would not be encountered if the nose of the model air-
craft were cranked to the attitude of the plant reference axis. Thus attitude
mismatch simulations could be physically interpreted as the evaluation of the
model aircraft with the nose of the model rotated through an angle equivalent
to the attitude mismatch. For this condition it is possible to achieve perfect

following at the cockpit.

A variation of this problem of attitude mismatch where the difference
in trim attitude is relatively small is described in Reference 9. For that in-
vestigation, it was not possible for TIFS to achieve the angle of attack of the
model at low speeds without compromising the simulation envelope., However,
the particular interest for that program was to evaluate aerodynamic non-
linearities which occurred at high angle of attack and low speeds approaching
the 1.2 V; for the TIFS. In this investigation the model and plant initial trim
conditions were the same; however, the aerodynamic data was shifted by a
constant value. In this manner the high angle of attack effects could be
investigated without placing the TIFS aircraft at these high angles. Physically,

this simulation technique can be interpreted as a shift in the model zero lift

line.

Thus to briefly summarize the ideas in this section, it has been

indicated that in-flight simulation is not limited to identical initial conditions
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of the plant (TIFS) and model. Simulations are possible with a reduced sim-
ulation envelope, etc. for mismatch conditions. It must be remembered,
however, that in this case it is no longer possible to match all items of inter-
est and trade-offs must be made as required to ensure an adequate investiga-

tion of the desired problem under evaluation,

2.5 TRANSFORMATIONS, SENSORS, AND GUST ENVIRONMENT

In order to assure that model following has been achieved during an
in-flight simulation, it is necessary to be able to compare the responses of
the model with thcse obtained by the plant, This comparison is also re-
quired in the feedback signals used to reduce the sensitivity of the following
to inaccuracies in the feedforward gains, In order to make this comparison,
the responses must be compared at a selected location and in the same axis
system. The equations of motion of the model would normally be computed
at the center of gravity of the model, while the sensors determine the re-
sponses of the plant at the center of gravity of the plant, Ia addition,
angular velocities and Euler angles, etc, are determined in a specific body
axis of the plant, Comparisons between the model and plant (TIFS) responses
are performed by transformatior. of the model responses to the plant
center of gravity for quantities that are position-sensitive (e.g., angle of
attack, sideslip, velocity). The transformations are based on the kinematics
of a rigid hody and are discussed in Reference 12, The exact transformations
are nonlinear and sometimes complex, but simplifications can often be used
in producing required signals, Responses which are axis-sensitive
{e.g., angular velocities and attitudes) must be compared in a selected axis
system, normally that of the plant measurements. The transformations
used when the axis system of the model and plant are parallel are presented
in Reference 8. It must also be remembered that the initial conditions
supplied to the model in flight are signals from the plant sensor output and
must be appropriate to the axis system utilized to compute the equations of
motion of the model aircraft. Through the use of simple rotations, the
equations of motion of the model can always be written in an axis system

parallel to the axis of the plant measurement, From the kinematics of rigid
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bodies, once the motions of the model and the plant have been matched at any
point, then the rigid body motion at all points (e.g., the pilot station) is also
matched provided the relationship between the model and the plant orientation
is fixed.

In order to implement any in-flight simulation, it is necessary to
be able to determine the state of the aircraft by the use of sensors, The
sensor signals used for model following on the TIFS aircraft are described
in References 1 and 4, Based on the discussion previously presented in this
section to develop the equations of motion of an aircraft, it is desirable that
both inertial and total signals be available for the simulation, In addition,
the signals used for model following should not introduce undesirable noise
and should possess a unity transfer function in the frequency range of pri-
mary interest to the simulation. If these conditions are not reasonably
satisfied then comparison of the states of the model and the plant would be
contaminated by excessive noise or wwould be dependent upon the ability to

compensate for the sensor dynamics,

For flight in smooth air, the principles of variable stability are
readily grasped. Consideration of atmospheric turbulence, however, intro-
duces some additione.l points. First, consider the behavior of a variable
stability airplane when it encounters turbulence during a test flight, The

action of a response-feedback system is essentially the same as altering the
aerodynamic stability derivatives of the test airplane. If this is done in such

a way as to reproduce the set of stability derivatives of another airplane that
is to be simulated, then it will be the altered set of derivatives that deter-
mines the test airplane'’s response to the turbulence it encounters. The re-
sponse accordingly is that of the airplane being simulated, and so we can say
that a response-feedback variable stability airplane simply responds as it
should to the turbulence it encounters. One word of caution is necessary,
however, in connection with this statement. In case the air is turbulent, it
is necessary to distinguish the two kinds of angle of attack -- inertial and
aerody)namic. If the variable stability system alters Cp, ©On the basis of a

measurement of aerodynamic angle of attack, then the effect of a gust on the
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airplane's pitching moment will be reproduced correctly as stated above,
This would not be true, however, if the angle of attack used in the variable
stability system were to be computed by subtracting flight path angle from
pitch attitude.

With a model-following system, the situation is different. If the

model responds only to the pilot's control inputs, there will be no outputs from
the model due to the variable stability airplane encountering turbulence.

The signals compared for model following should be inertial since the

motion equations of the model are computing inertial motion, and by following
the inertial signals the system would tend to act as a gust alleviation system.
In addition, by measuring the gust comporents ( ¢, , Py 2 + and Vg )
and knowing the gust-sensitive stability derivatives of the plant, a modified
control law can be developed to input signals to the plant controls to alleviate
the gust, The ability to alleviate the natural atmospheric environment then

allows control over the simulation of atmospheric disturbances.

Once the natural atmospheric environment is sensed and alleviated,
the experimenter can use the same measured gust signals as disturbances
to the model producing the motion the model would experience flying in that
actual gust environment, Or for a more controlled experiment ke can feed
a taped gust signal to the model. Lastly, he could omit feeding disturbances
to the model to produce the smooth-air environment within the capability of

the gust alleviatidn system.

In regard to producing correct responses to canned turbulence, the
importance of having the direct lift flaps and side force surfaces that are
available in TIFS should be emphasized. These surfaces can generate
directly the forces required to produce the correct responses. Applying
canned turbulence only to the aileron, elevator and rudder servos clearly is
insufficient, in that it can produce correct moments on the airplane but not
the correct forces simultaneously. Since pilot rating of the handling qualities
of an aircraft can be quite sensitive to the effect of the turbulence environment,
the ability to alleviate and simulate gusts can be quite important to controlling

an in-flight simulation experiment.
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SECTION 11

ATTITUDE AND FLIGHT PATH IN UNACCELERATED FLIGHT

In this section and Section IV, the basic trim attitude, flight path
and dynamic motion capabilities are discussed, From this basic data the
limits of a specific simulation can be determined, A running example is
used to illustrate how these limits can be estimated, The variables of con-
cern in this section are the pitch and yaw Euler angles, 8 and {ﬂ; the flight
path angles, 7 and 7 ; the airspeed, V ; and the aerodynamic angles, & and
B . Section IV deals with the ranges of body angular rates £, ¢ , and 7°;

body angular accelerations, , ¢ , and 7 ; and linear accelerations 7, ,
7y s and 7, ,

7

The Euler angles 6 and ¥ are related kinematically to the angles

7.7, , and 8 and hence are similarly constrained. The relationships
for small angles are

922‘1““ (301)
¢=x—lg (302)

In what follows, the limitson 7', } , ¢ , and ,5 are discussed and Equations
®
(3.1) and (3. 2) should be us:d to relate these to 8 and g//.

and

3.1 GENERAL RELATIONSHIPS FROM THE FORCE EQUATIONS

The variablesV, 7, ¥ , « and 4 are related through the balance
of forces, Equations (2,1), (2,4) and (2, 16) state this balance in a mixed
axis system where (2,1) is along the wind z axis and (2, 4) and (2, 16) are
along body 4 and 4. axes. It is convenient to use pure wind axes to express
simulation relationships since then £, and &, can be used directly without

reference to the body axes of the TIF'S and the model. It is perhaps also

helpful to modify these wind axis equations so that the flight path angle rates

* For velocity-matched simulation, there is no limit on ¥ and therefore

no limit on 10. The limitation on } arises when matching }ﬁ with
velocity not matched.
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with respect to the earth, 7 and 1 appear separately since, for flight path
matching, such as is required for one-to-one landing approach simulation,
the angles 7 and I are 